A review of epidemiological studies on the intake of oats and oat-based products and its effect on the risk of chronic disease and deaths was performed. Seven studies were identified of cancer risk (two each on prostate and colorectal cancer, and one each on pancreatic, breast and endometrial cancer), and one study on overall mortality. With the exception of a case-control study of pancreatic cancer, all studies were of cohort design: five studies were based on a single cohort from Denmark. The results of most cohort studies suggest a weak protective effect of a high intake of oats on cancer risk (relative risks in the order of 0·9). Potential limitations of the studies are dietary exposure misclassification, low statistical power because of limited exposure contrast and residual confounding. Despite the evidence from experimental and mechanistic studies of a protective effect of oats intake on CVD and diabetes, no epidemiological studies have been conducted on these conditions.
There is strong evidence for a protective effect of oats intake on CVD -and possibly other chronic diseases -from shortterm dietary experimental and mechanistic studies in healthy volunteers, assessing cardiovascular risk factors including a decrease in serum LDL-cholesterol and blood pressure, and improvement in glucose and insulin response (1 -3) . Epidemiological studies are the best way to test the hypothesis of an association between diet and disease (4) , although their ability to assess the effects of specific food items is limited. They provide strong evidence for a protective effect of whole-grain intake against several diseases, including cancer, CVD and diabetes (5 -7) . The role of specific wholegrain foods, such as oats, however, is less clear. The present study aims at reviewing the evidence from epidemiological studies on oats and oat-product intake and the risk of chronic disease and death.
Methods Fig. 1 is a flow diagram showing how relevant articles were selected. A PubMed search was performed using the terms 'oat*' AND 'disease' OR 'cardiovascular' OR 'cancer' OR 'mortality' AND 'humans' OR 'epidemiology'. The search identified 2100 references, whose titles were individually checked, which resulted in the exclusion of 1596 references in which the term 'oat*' did not refer to the cereal. Among the remaining 504 references, 399 were excluded after consideration of the abstract, because they concerned aspects of oats consumption not relevant to epidemiology (namely nutritional, animal or mechanistic studies). The remaining 105 references were reviewed in detail: six epidemiological studies were identified that reported results on disease incidence/ mortality and dietary intake of oats, and the remaining ninety-nine studies were mainly clinical and experimental studies. A review of the lists of references of the epidemiological studies led to the identification of two additional investigations.
For each epidemiological study, information on study characteristics (study design, population, methods for the assessment of dietary intake, confounder and outcome) and results was abstracted according to a standard format. Given the small number of studies for each type of cancer and the heterogeneity in the assessment of oats intake, no formal combination of results in a meta-analytic approach was performed.
Results
Seven of the studies reported results on cancer risk (two each on prostate and colorectal cancer, and one each on pancreatic, breast and endometrial cancer), and one study on overall mortality.
Colorectal cancer
In an analysis of 1025 cases of colorectal cancer diagnosed among 57 053 participants in the Danish Diet, Cancer and Health cohort study over a 13-year period, no association was found with the healthy Nordic food index, which includes oatmeal intake (8) . Consumption of oatmeal was similar among those diagnosed with colorectal cancer and those who remained free of the disease.
The HELGA cohort comprises 108 000 Danish, Swedish and Norwegian people (including the Danish Diet, Cancer and Health cohort), of whom 1123 developed colorectal cancer during a median of 11 years of follow-up. This cohort was analysed for the intake of whole-grain products, including whole-grain oats (9) . The intake of whole-grain products was associated with a lower incidence of colorectal cancer; however, no consistent association was observed with the intake of wholegrain oats ( Table 1 ). The relative risk (RR) for a 10-g increase in whole-grain oats intake was 1·00 (95 % CI 0·94, 1·06).
Prostate cancer
An analysis of whole-grain product intake and the risk of prostate cancer was conducted among 26 691 men aged 50-64 who participated in the Danish Diet, Cancer and Health cohort study (10) . During a median follow-up of 12·4 years, 1081 prostate cancer cases were diagnosed in the cohort. There was no association between the total intake of wholegrain products and the prostate cancer risk (RR/50 g per d 1·00; 95 % CI 0·96, 1·05). RR for an increase of 25 g/d of oatmeal was 0·96 (95 % CI 0·88, 1·06). In the categorical analysis, a negative association was found between the oatmeal intake and the prostate cancer risk (Table 2) .
In 2002-2006, 2268 men aged 67 -96 reported their dietary habits in the AGES-Reykjavik cohort study (11) . Dietary habits were assessed for early-, mid-and current life using a validated FFQ. A total of 347 participants had or were diagnosed with prostate cancer during follow-up in 2009, sixty-three of whom had an advanced form of the disease (stage 3þ or Clinical, experimental studies and reviews (n 99)
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Articles from reference lists (n 2) Table 1 . Relative risk (RR) of colorectal cancer and whole-grain oats intake (9) Danish Diet, Cancer and Health Study (Number of cases, relative risks and 95 % confidence intervals)
* Adjusted for study centre, age, sex, alcohol intake, smoking status, education, use of hormonal replacement therapy (women only), BMI, energy intake, intake of red and processed meat, whole-grain wheat and whole-grain rye.
died of prostate cancer). Oatmeal intake, either in adolescence or in midlife, was not associated with prostate cancer risk ( Table 3) . Results were similar when cases were stratified according to the disease stage.
Pancreatic cancer
Grain intake was examined in a population-based case -control study of pancreatic cancer conducted in the San Francisco Bay Area from 1995 to 1999 (12) . A 131-item semiquantitative FFQ was administered to 532 cases and 1701 controls. People who consumed two or more servings of whole grains daily had a lower risk of pancreatic cancer than those who consumed less than one serving per d (OR 0·60, 95 % CI 0·31, 1·2). Surprisingly, the intake of cooked oatmeal or oat bran, on the other hand, was associated with a small but statistically significant increase in risk (Table 4) , but this should be interpreted with caution because this may be due to recall bias.
Breast cancer
The association between the intake of whole-grain products and the risk of breast cancer was investigated among 25 278 postmenopausal women participating in the Danish Diet, Cancer and Health cohort study (1993 -7) (13) . During a mean follow-up time of 9·6 years, 978 breast cancer cases were diagnosed. There was no association between the intake of wholegrain products (and specifically oatmeal) and the risk of breast cancer. For each incremental increase in the intake of total whole-grain products of 50 g/d, the adjusted RR was 1·01 (95 % CI 0·96, 1·07). The median intake of oatmeal was 7 g/d in both cases and controls.
Endometrial cancer
The association between the intake of whole grains and the risk of endometrial cancer was investigated among 24 418 women aged 50 -64 at enrolment in 1993-7 in the Danish Diet, Cancer and Health cohort (14) . A total of 217 women were diagnosed with endometrial cancer during a follow-up to 2009. No association was found with either the intake of oatmeal/muesli (RR for a 50 g/d increase 1·03; 95 % CI 0·67, 1·58) or the intake of whole oats (RR for a 5 g/d increase 0·99; 95 % CI 0·93, 1·06).
Overall mortality
Oatmeal was one of the components of the healthy Nordic food index, whose association with total mortality was investigated in the Danish Diet, Cancer and Health cohort study (57 053 subjects aged 50 -64 at baseline) (15) . During 12 years of follow-up, 4126 of the cohort participants died. A onepoint increase in the index score was associated with a significantly lower mortality for both men (RR 0·96; 95 % CI 0·92, 0·99) and women (RR 0·96; 95 % CI 0·92, 1·00). Among the individual index components, whole-grain rye bread intake was the factor most consistently associated with lower mortality. An association was suggested for oatmeal intake: RR for . 20 v. #20 g/d was 0·91 (95 % CI 0·81, 1·02) in men and 0·97 (95 % CI 0·84, 1·11) in women.
Discussion
Consumption of whole grains and indices of 'healthy diet' including oats have been associated with a reduced risk of CVD, diabetes and cancer (5, 6, 16) , but the available evidence does not suggest a specific effect of oats and oatmeal. The available results, however, are limited and primarily based on a single cohort study from Denmark, and are limited by heterogeneity in study populations and dietary exposure assessment methods between studies. No conclusions can therefore be confidently drawn on the presence or absence of a protective effect of oats consumption on cancer risk in epidemiological studies.
Misclassification of dietary assessment is a major limitation of nutritional epidemiology studies (17) : in prospective cohort studies, misclassification of past diet often results in the underestimation of existing associations between dietary factors and diseases. Low statistical power is an additional problem: it can not only be a result of the small number of cohort members experiencing the outcome of interest, but can also be due to the limited variability in dietary intake between study subjects. As an example, the 57 053 subjects of the Danish Diet, Cancer and Health study included in the analysis of colorectal cancer had a median intake of oatmeal equal to just 1 g/d (8) : in other words, a large proportion of this cohort provided no information relevant to the study's hypothesis. Confounding is a further potential limitation of epidemiological studies on oats intake and disease. This arises when some risk factor of the disease is correlated with the particular exposure that is of interest and is responsible for the apparent association between the exposure of interest and the disease. For example, smokers might have a lower intake of oats compared to non-smokers, and smoking is causally associated with several cancers: this would generate an apparent inverse association between oats intake and cancer risk. Confounding can be controlled for in the statistical analysis (in the earlier example, the association between oats and cancer would be assessed separately in smokers and in non-smokers); for a proper control of confounding, however, all potential confounders should be identified and precisely measured. This is difficult to achieve in nutritional epidemiology, because of the multitude of (dietary and non-dietary) factors that could be acting as confounders, and residual confounding might still be present despite the efforts of the investigators to control for it. In most of the studies included in the present review, there was an apparent protective association between the intake of oats and oat-based products and disease in unadjusted analyses, but this became weaker after adjusting for potential dietary and non-dietary confounders, including total energy intake, intake of other whole-grain foods, BMI, tobacco smoking and education. Fig. 2 illustrates the confounding exerted by lifestyle factors on the association between oatmeal intake and overall mortality in the Danish Diet, Cancer and Health cohort (15) : in both men and women there was a strong, statistically significant protective effect of high oatmeal intake, but this was reduced by two-thirds in men and by half in women (in both sexes, losing statistical significance) after adjustment for a number of lifestyle and nutritional factors. It is unclear whether adjustment for additional dietary or non-dietary variables would have resulted in further attenuation of the association between oatmeal intake and mortality.
Despite these limitations, and the lack of statistical significance of adjusted results, the results of most cohort studies do suggest a weak protective effect of a high intake of oats on cancer risk (RR in the order of 0·9). The results of the single case-control study (12) , suggestive of an increased risk for high oats intake, should be interpreted with caution given the specific limitations of the present study design, notably the possibility of recall bias (i.e. the presence of the disease affecting the way in which people self-report on their diet) (18) . The strongest experimental evidence for the protective effect of oats is in CVD and diabetes (1, 2, 5) : as large-scale epidemiological studies with the relevant data exist (e.g. NIH-AARP (19) ), specific analyses should be performed on the impact of oats Table 4 . OR of pancreatic cancer and frequency of cooked oatmeal/oat bran intake (12) (Number of cases and controls, percentages, odds ratios and 95 % confidence intervals) consumption on the risk of these diseases, as well as cancer. Such analyses could combine data on oatmeal and oatcontaining breakfast cereals: although they might not be considered definitive, they would provide relevant information and would show the difficulty in studying the disease risk in rarely eaten foods.
Conclusion
In conclusion, few epidemiological studies have been conducted on oats and oat-based products and disease risk: overall, they provide weak evidence of a protective effect of oats intake on cancer risk and overall mortality. Epidemiological studies on the risk of cancer, CVD and other chronic diseases such as diabetes should be conducted, based on existing large-scale cohorts with information on the intake of this group of foods.
